QUANTITATIVE DISTRIBUTION OF PARTICULATE MATERIAL (MANGANESE DIOXIDE) ADMINISTERED INTRAVENOUSLY TO THE CAT by Drinker, Cecil K. & Shaw, Louis A.
QUANTITATIVE  DISTRIBUTION  OF  PARTICULATE 
MATERIAL  (MANGANESE  DIOXIDE)  ADMINIS- 
TERED  INTRAVENOUSLY  TO  THE  CAT. 
BY  CECIL  K.  DRINKER,  M.D.,  Aim  LOUIS  A.  SHAW. 
(From the Laboratory of Applied Physiology of Harvard Medical School, Boston.) 
PLATES 3  Aim 4. 
(Received for publication, June 26,  1920.) 
INTRODUCTION. 
The distribution of particulate material introduced intravenously into animals 
is a subject which has been approached from widely different points of view during 
the last 75 years.  There is, first, a large literature concerning questions of lymph 
formation,  capillary  structure,  and  permeability.  Thus,  such  easily recognized 
objects as mercuric sulfide particles, milk droplets, etc., have been followed micro- 
scopically in their passage from blood to lymph, and numerous efforts have been 
made  to  delineate  the  blood  capillaries an4  lymphatics in  organs  such  as  the 
liver, where  their structure  is still a  matter for debate.  With  the rise of histo- 
logical pathology and  still more with  the growth  of bacteriology, similar intra- 
venous injections have been made with the idea of picturing the sites of lodgment 
of infecting microorganisms.  In recent years, under the impetus of investigations 
by Bouffard (1),  Goldmann  (2), and others upon the distribution  of certain col- 
loidal  dyes,  many different  types of injection  in  which  the individual  particles 
are visible microscopically have been employed.  In these instances certain cells 
which are easily identified by their tendency to take up dye molecules have been 
shown to possess power to phagocytose visible particulate material as well. 
A further cause for the complexity and extent of the literature is found in the 
uncertainty as to whether bacteria, 'living or dead,  exhibit initial points of lodg- 
ment similar to those of inert particulate material such as carbon and mercuric 
sulfide. 
All these questions result in an extensive and confusing literature, which, while 
it discusses  in  qualitative  terms  many important  histological  and  pathological 
points, is lacking in quantitative  data.  Thus Ponfick (3), in 1869,  injected sus- 
pensions of mercuric sulfide intravenously into  the frog; dog, rabbit,  and guinea 
pig.  The amount of injection used is not made clear.  There are no data as to 
the size of the individual particles, whether they are discrete or tend to agglutin- 
ate--in  short,  nothing  which  permits  judgment  upon  the  percentage  of  the 
injected material deposited in any particular organ, not as a  result of embolism, 
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but as a result of fundamental properties on the part of the organ in question. 
The experiments of Ponfick (3) depend upon histological  methods for determin- 
ation of the distribution of mercuric sulfide, and while such methods must still 
be used in order to demonstrate the position in any  particular  organ  which 
deposited material Occupies, they are of practically no value in demonstrating 
the actual extent of deposition for each organ. 
With the exception of the work of Voigt  (4),  who employed colloidal silver 
and silver iodide injections containing particles of ultramicroscopic size, there is 
a decided lack of information upon quantitative distribution of particulate mate- 
rial until the  period of  experiments with  bacteria is reached.  This deficiency 
arises from two causes:  first, carbon, mercuric sulfide, carmine, fat droplets, etc., 
are not capable of being determined quantitatively in tissue except with difficulty 
and at best inexactly; and, secondly, the investigators who have employed such 
agents have been interested in histological  deposition within particular organs 
and cells rather than in the exact amounts distributed in organs throughout the 
body. 
If we consider, first, the question of inert particulate material such as carbon, 
we  find  it  generally held  that  intravenously administered  suspensions  in  the 
mammal lodge immediately in the liver,  spleen,  lungs,  and bone marrow.  In 
every instance the impression of the investigator as to the amounts reaching each 
organ is gained from histological preparations, and in order to make these prep- 
arations  vivid  the  injected  animals  are  flooded  with  particles.  Under  such 
circumstances  one may report that certain groups of cells are extremely active 
in engulfing particles and may assign  them an origin,  but the experiment does 
not lead to conclusions as to the normal activity of the different organs in clearing 
the circulating blood of foreign particles, nor does it give reliable information as 
to the extent to which the organs involved engage in this activity. 
It is thus clear that important information in regard to the depo- 
sition and fate of particulate material in the mammalian body must 
unfailingly  result  from  the  employment  of  a  substance  possessing 
certain  attributes.  The  material  must  be  insoluble  in  the  body 
fluids  and  unagglutinated  by  them,  capable of fine subdivision and 
suspension,  and  the  suspensions  employed must  have  been  so  pre- 
pared as to contain no particles or aggregates of particles capable of 
blocking  capillaries.  The material  must  be  visible microscopically, 
and,  most important  of all,  it must  be susceptible  to  accurate  and 
rapid  chemical  quantitative  estimation  even  if  in  extremely  high 
dilution.  During the past year Reiman and Minot (5) have developed 
a  method  for  the  quantitative  determination  of  manganese  which 
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dioxide, with which this communication deals,  and also with other 
compounds of manganese to be reported upon at a later date, we have 
found material which meets all the requirements necessary for injec- 
tion experiments.  It  has  proved possible with manganese dioxide 
to measure the rate of disappearance from the circulating blood, to 
determine the amount removed by different organs,  and, lastly,  to 
correlate  these findings with  histological observations which,  with 
this compound, are satisfactory, since the particles are as black and 
as distinctive as carbon. 
EXPERIMENTAL. 
Manganese Dioxide Suspension ~. 
The  suspensions used for injection have been made  from one 5 
pound bottle of J. T. Baker's powdered manganese dioxide, chemically 
pure (84.5  per cent).  10 gm. of manganese dioxide are  thoroughly 
shaken with 200  cc.  of distilled water,  centrifugalized  several times 
at high  speed,  and  the  supernatant  liquid  is  discarded  until  the 
particles have  been thoroughly washed and the finest material has 
been largely eliminated. 
The next step is to eliminate, by slow centrifugalizing, the larger 
pkrticles, and in particular the clots composed of aggregates of small 
particles.  This  slow  centrifugalizing is  effected in  a  0.4  per  cent 
acacia solution, the acacia serving to hold up the finer particles  and 
thus rendering the selective process of the centrifuge more effective. 
The acacia used for the purpose is taken from a 10 per cent solution 
to  which 0.1  per  cent  sodium hydroxide is  added  until  the  solu- 
tion  is  just  alkaline  to  phen01phthalein.  The  supernatant  liquid 
from  this period of centrifugalization is saved and the residue dis- 
carded, since it contains the particles which are large enough to cause 
embolism. 
In the numerous different suspensions used by us during the past 
year care has been  taken not to employ those containing  particles 
or aggregates  of particles larger  than  1#.  The  experimental  data 
which follow record deposition of manganese dioxide in  milligrams 
of manganese.  While the suspensions employed permit enumeration 
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individual organs in terms of number of particles, nor  is it  essential 
to do this provided care has been taken to keep the injected material 
uniform.  The  actual  number  of  particles  in  the  suspensions  per 
milligram of manganese has varied between 2.5 and 5 billion. 
The final suspension, in a 0.4 per cent acacia solution, is sterilized 
and put up in bottles for future use.  Experience has  demonstrated 
the fact that a suspension of manganese dioxide cannot be  preserved 
free from aggregates of particles unless it stands in 0.4 per cent acacia 
solution and_is  sterile.  Before making an injection the  suspension 
is made slightly saline to the extent of 0.5  per cent  sodium chloride, 
but  under  no  condition  should  the  suspension  containing  sodium 
chloride be allowed to stand over a period of hours, since even with 
acacia present there is a tendency for the particles to aggregate.  This 
tendency is not great,  the stabilizing power of even small traces  of 
acacia being pronounced, but since it seems advisable to make injec- 
tions in which the particles are as nearly absolutely discrete as pos 
sible, we emphasize the above precaution. 
In order to prove that manganese dioxide is insoluble in blood we 
attempted to determine whether the compound used could be  found 
to have dissolved when it was exposed to the action of sterile blood 
at 38°C.  Owing to difficulties with filtration and to fear that methods 
involving precipitation of the blood proteins might also remove traces 
of soluble manganese, we eventually substituted for blood a  solution 
having the following composition: 
gm. 
Sodium chloride  ............................................  8.0 
Potassium  "  . ...........................................  0.2 
"  acid phosphate ...........  •  ........................  0.05 
Sodium bicarbonate .........................  ...............  1.0 
Calcium chloride  .......... . .................................  0.2 
Made up. to 1,000 cc.  Hydrogen ion concentration = 0.3 X 10-L 
After shaking up manganese dioxide in this solUtion the mixture 
was allowed to stand in an incubator at 38°C. for 6 hours, and then 
filtered  at  high  pressure.  The  falter  employed  consisted  of  an 
alundum  thimble  reenforced by a collodion membrane and fixed in 
a  brass cylinder in  such  a  manner  as  to  be  subjected  to  pressure 
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passage  quantitatively  of  soluble  manganese  salts.  The  filtrate 
resulting  from  the  above procedure proved entirely free from man- 
ganese,  from which fact it seems safe to assume that the manganese 
dioxide introduced  into the n~ammalian organism, if dissolved by the 
blood, undergoes this process so slowly as to be negligible. 1 
Finally,  we  have  made  in  vitro agglutination  experiments  with 
cat  and  rabbit  serum  and  manganese  dioxide  suspensions  such  as 
have been used for in~ection, and after thorough incubation at 38°C. 
have obtained no evidence that agglutination of particles takes place. 
It is probable that  blood serum  could be used to supply protective 
colloids in making such suspensions instead of acacia. 
Quantitative Determination of Manganese and the Normal Manganese 
Content of Cat Tissues. 
We have employed the method for manganese determination devel- 
oped by Reiman and Minot (5), taking the organs'from the animals 
immediately after they have been bled to death,  and using not less 
than 30 gin. specimens when the latter were obtainable. 
The second column of Table I gives the average amount of manga- 
nese in rag. per 100 gin. of wet tissue taken from fifteen normal cats. 
In  the  third  column  will  be  found  the  average  value  of  the  Same 
tissue,  except  the  liver,  lung,  and  spleen,  taken  from  twelve  cats 
1 hour  after an injection of manganese  dioxide.  With the exception 
of  the kidney the  two columns  are practically identical,  and in  the 
case of this organ the difference is extremely small.  It is,  of course, 
necessary to omit the liver,  lungs,  and  spleen from this  table,  since 
these organs constitute the chief repository for the manganese dioxide 
injected. 
1  Recent experiments with manganese dioxide indicate that in the presence of 
organic matter traces of carbonic acid may cause very fine particles to dissolve. 
While such solution may be of importance  for the final elimination of manga- 
nese dioxide, it is of negligible consequence in the 1 hour  experiments  recorded 
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TABLE  I. 
Average Manganese Content per 100  Con. of Wet  Tissue  in the Organs of Fifteen 
Normal Cats and of Twelve Cats Injected Intravenously with Manganese Dioxide. 
Organ. 
Liver ......................................... 
Lung ......................................... 
Spleen ........................................ 
Kidney ....................................... 
Stomach ...................................... 
Small intestine ................................ 
Colon ........................................ 
Brain ......................................... 
Spinal cord  ..................................... 
Muscle ....................................... 
Ul~e  ......................................... 
Amount of manganese per 100 gin. of 
wet tissue. 
In normal animals. 
mg. 
0.341 
0 031 
0 069 
0.136 
0.046 
0.044 
0.086 
0.035 
0.059 
0.025 
0 
[n animals 1 hr. after 
injection of 
manganese dioxide. 
mg. 
0.221 
0 056 
'0.060 
0.074 
0.044 
0.041 
0.024 
0 
Details  of an Injection  Experiment. 
Experiments  have  been  performed  upon  cats  anesthetized  with 
urethane,  2  gin.  per kilo,  and  upon  normal.animals  in which  a  vein 
for injection has been exposed under local anesthesia.  Blood pressure 
and respirations have been recorded during injection in many  experi- 
ments  under  general  anesthesia,  and  as is indicated  by Fig. 1 toxic 
effects  have  not  been  observed.  The  following  protocol  illustrates 
the course of a  typical experiment. 
Date.--February 4, 1920. 
Weight of Cat.--3.7 kitvs. 
Anesthesia.--37  cc. of 25 per cent urethane solution. 
Suspension.---O.14 rag. of manganese per cc., 0.5 percent sodium chloride, and 
0.4 per cent acacia. 
Injection.--lO cc. of suspension per kilo. 
IOX3.7  =37cc. 
37 X 0.14 =  5.18 rag. of manganese 
Injection Time.--Start,  11.21~  a.m.; finish, 11.23½  ~.  "  a.m., Durations2 minutes, 
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Blood samples.  Tracings. 
Length of time  No.  Time taken,  after injection.  No.  Time taken. 
11.26,t 
11.41,t 
12.26½ 
12.46½ 
m/n. 
3 
18 
63 
83 
11.19 
11.37 
p.  m. 
12.20 
12.40 
Rate  of  Disappearance  of  Manganese Dioxide  from  the  Circulating 
Blood. 
As  a  means  of  indicating  the  rate  at  which  manganese  dioxide 
particles leave the blood stream,  10 cc. samples of blood were taken 
at intervals  from the carotid artery.  As an average procedure four 
specimens were taken from each cat at varying intervals.  Samples 
of less  than  10  cc.  would be insufficient  to yield positive results if 
the manganese were still present to the extent of 0.020 rag.  per  100 
cc.  The  normal  manganese  content  of cat  blood is  so low  that  it 
is safe to assume that any manganese detectable in a sample of blood 
not exceeding 25 cc. must be due to the injection.  It was found in 
most cases that  taking more than  four samples  (aggregating  40  cc. 
of blood) so lowered the blood pressure as to interfere with the circu- 
lation.  While  low blood pressure  alone has  not  altered  either  the 
distribution  of manganese  dioxide  or  the  rate  at  which  it  leaves 
the blood stream, we have not included in these observations experi- 
ments in which serious reduction~ occurred. 
Table II displays the data from which certain conclusions may be 
drawn regarding  the rate of elimination.  The time interval is indi- 
cated by the number of minutes which elapsed between the last  drop 
of  the  injection  and  the first  drop  of blood collected.  The  actual 
time  required  for  the  process  of  injection  and  of  blood-taking  is 
insignificant.  As  an  example,  the  figures in  Experiment  5  may be 
interpreted.  The  cat  weighed  2.4  kilos  and  was  injected  with  a 
suspension containing 1.4 rag. of manganese per kilo of cat, or a total 
of 3.36  rag.  of manganese.  3  minutes  after  the  completion  of  the 
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0.007  rag.  of manganese.  The  manganese  content  of  the  blood  is 
calculated per 100 cc.; therefore in the table the above value  appears 
as 0.070 rag.  Again, after an interval of 18 minutes from the time of 
injection, the blood was found to be negative, which means that  100 
cc. contain less than 0.020 rag. of manganese.  Examination of Table 
II indicates that elimination from the circulation is not in any manner 
dependent upon the dose administered per kilo. 
TABLE II. 
Rate of Disappearance of Manganese Dioxide from the Circulating Blood in 
Normal Cats. 
Experi- 
ment 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
Amount of 
manganese 
per kilo 
of cat. 
2.45 
1.40 
1.40 
1.40 
1.40 
2.45 
2.45 
1.40 
0.86 
1.40 
1.40 
2.00 
2.00 
Total 
amount ~f 
manganese 
injected. 
mg. 
4.17 
4.48 
3.22 
3.22 
3.36 
4.17 
6.40 
4.16 
2.75 
3.92 
5.17 
5.20 
5.40 
Amount of manganese per 100 cc. of blood. 
Length of time after injection. 
3 rain.  8 min.  18 mln.  63 rain.  68 rain. 
0.080 
0 
O.030 
0.040 
0.046 
0.070 
0.085 
0.093 
0.107 
0.140 
0.080 
0.138 
0.267 
0.418 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0.070 
0.088 
0.160 
0.244 
0.040 
O. 139 
0.088 
In nine experiments out of the thirteen,  the blood is found to be 
negative after an interval of 18 minutes.  In the four in which positive 
results are found after 18 minutes,  though the process of elimination 
is  steady  and  progressive,  the  experiment  has  not  been  prolonged 
sufficiently to  reach  the  end-point.  Within  the  limits  of injection 
amounts recorded in Table II elimination is either rapid and complete, 
or very slow and  constar~t,  not depending upon the dose or concen- 
tration of the injection but upon some unknown  factor in  the indi- 
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It has been said  that  alterations  in blood pressure had  no  effect 
upon the rate of disappearance of manganese dioxide from the circu- 
!ating blood.  We attempted  to alter both distribution  and  rate  of 
disappearance  by  a  variety  of  maneuvers  but  were  unsuccessful. 
Fig.  2  shows  an  experiment  upon  a  urethanized  cat  weighing  2.9 
kilos in which, after recording  the blood pressure,  a  25  cc.  specimen 
of blood was taken, and then 35 cc. of a 20 per cent solution of acacia 
in  physiological salt solution were injected.  Immediately following. 
this  injection  24  cc.  of  manganese  dioxide  suspension  containing 
4.69  mg.  of  manganese  were  introduced.  The results of analyses 
upon the blood specimens are given in Table III. 
TABLE  III. 
Disappearance of Manganese Dioxide from the Circulating Blood Following a 
Large Injection  of Acacia Solution. 
Amount of manganese per kilo of cat,  1.62 rag.  Total amount  of manganese 
injected, 4.69 rag. 
Length of time after injection.  Amount of manganese per 100 cc. of blood, 
m/n. 
3 
18 
63 
83 
103 
0.109 
o 
o 
o 
o 
It is obvious that the high acacia concentration in this animal had 
no  effect in  holding  particles  within  the  circulating  blood.  There 
is complete removal in  less  than  18  minutes,  just  as is most  often 
true for normal  animals.  Analysis of the tissues of this cat showed 
deposition of manganese dioxide in the organs and in the proportion- 
ate  amounts  characteristic  of  normal  animals,  so  that  neither  the 
existence  of  acacia  in  high  concentration  within  the  blood  vessels 
nor the very high  blood pressure  (220 ram.  of mercury)  in any way 
affected the result.  In  another  animal  under  similar  conditions  of 
anesthesia  the  blood pressure  was  lowered  markedly  by histamine 
and  remained  low  during  the  1  hour  period  following  manganese 
dioxide injection.  Here again  results were obtained which  differ in 
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It is thus shown that two substances, acacia which reduces capillary 
permeability and histamine which increases it,  have no effect either 
upon the removal from the blood stream or upon the distribution of 
the particles studied. 
When  suspensions  of manganese dioxide  far  stronger  than  those 
employed in  the instances cited in  Tables II  and III  are used,  the 
blood does not become free in 1 hour.  In Table IV results are given 
showing the manganese content of the blood  at  the end of varying 
periods of time and following large injections, 
TABLE  IV. 
Manganese Content of the Circulating Blood Following Large Injections, 
Length of time after injection.  Amount of manganese injected.  Amount of manganese per 100 ec.  of blood. 
]w$. 
1 
6 
18 l 
19 
mg. 
~.6 
36.1 
36.1 
36.1 
~g. 
0.480 
0.560 
0.533 
O. 245 
Distribution of Manganese. 
A  series of twenty injection experiments was carried out in order 
to determine the distribution of manganese throughout the body of 
the cat after an interval ranging from 63 to 83 minutes.  An analysis 
of the liver, lung, spleen, kidney, stomach, smaUintestine, colon, brain, 
spinal  cord,  muscle,  blood,  and  urine  of  twelve cats gave evidence 
that the first three organs were the only tissues affected to any sig- 
nificant degree by an intravenous injection of manganese.  Table V 
shows the results obtained with reference to the liver, lung, and spleen. 
The weight of manganese normally existing in a  particular organ 
of an injected cat must be deducted from the weight of manganese 
recovered from it.  For example, a  liver taken from an injected cat 
weighs 87  gin.;  the manganese content of normal cat liver is 0.341 
)  mg. per 100 gin. of tissue; 87 gin., therefore, contains  l~  ×  0.341 
0.297  rag. of manganese; the above liver was found to contain 3.74-0 
mg.  of manganese; deduct the normal content (3.740  -  0.297)  and CECIL  K.  DRINKE':R AND  LOUIS  A.  SHAW  87 
the  manganese  content  of  this  liver resulting  from  the  injection  is 
3.443  rag.  All the  values  in  Table  V  have  been  arrived  at  in  this 
manner. 
The  concentration  of  the  suspension  will  be  seen  to  vary  from 
0.100  to  0.245  rag.  of  manganese  per  cc.  The  dose  of  manganese 
TABLE  V. 
Distribution of Manganese in the Liver, Lung, Spleen, and  Other Organs Following 
the Intravenous Injection of Manganese Dioxide. 
[  Per cent of  Per cent of 
Amount of  Amount of  injected  injected 
Experi-  manganese  manganese  manganese in  manganese 
ment No.  per cc..of  injected,  liver, lung,  in other 
suspension,  and spleen,  organs. 
mg.  mg. 
1  0.100  4.80  85  15 
2  0.165  4.96  92  8 
3  0.245  8.36  90  10 
4  0.221  4.20  87.3  12.7 
5  0.245  7.54  88  12 
6  0.245  8.07  88.5  11.5 
7  0.187  4.68  91.4  8.6 
8  0.245  7.53  88  12 
9  0.245  5.48  83.3  16.7 
10  0.245  9.80  83.5  16.5 
1!  0.245  4.17  86  14 
12  0.140  3.92  97  3 
13  0.245  7.81  93.7  6.3 
14  0.245  6.40  89  11 
15  0.100  7.00  85.5  14.5 
16  0.245  4.17  90  10 
17  0.245  5.39  89  11 
18  0.245  7.28  96  4 
19  0.245  6.20  99  1 
20  0.195  6.05  93  7 
kverage.  90  10 
Per cent of 
injected 
manganese 
in liver. 
24 
27.5 
29.3 
30 
32.7 
33 
34.4 
34.5 
35.5 
35.5 
39 
40 
40.5 
40.5 
41 
45 
46.5 
51 
52.5 
53 
Per cent of 
injected 
manganese 
in lung. 
51 
62.5 
56.4 
53.8 
50.7 
50 
54 
52 
40.2 
42.5 
45 
53 
47.5 
40 
37.5 
42.5 
40.5 
41 
45 
38 
38.3  47 
Per cent ot 
injected 
manganese 
in spleen. 
10 
2 
4.3 
3.5 
4.6 
5.5 
3 
1.5 
7.6 
5.5 
2 
4 
5.7 
8.5 
7 
2.5 
2 
4 
1.5 
2 
4.3 
administered varies according to  the  weight  of the  cat  and  the  con- 
centration  of  the  suspension.  Except  in  Experiments  1  and  15, 
10  cc.  of suspension  were  injected per  kilo of cat.  In  Experiments 
1  and  15,  20  cc.  per kilo of  a  comparatively  weak  suspension  were 
injected:  Thus, in Experiment  11 a  suspension having a concentration 
of 0.245  mg.  of manganese  per cc.  was  injected into  a  cat  weighing 88  MANGANESE  DIOXIDE  ADMINISTERED  INTRAVENOUSLY 
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1.7 kilos.  If 10 cc. pet kilo are injected the dose must contain (0.245 
>(17) 4.17 rag. of manganese. 
Column 4 gives the per cent of the injected manganese recovered 
from the liver, lung, and spleen.  Column 5 represents the amount of 
manganese which has escaped the liver, lung, and spleen, and there- 
fore must be deposited in other parts of the body. 
Column 6 shows  the per cent of the injected manganese recovered 
from  the  liver.  In  Experiment 11, for instance, of the 4.17 rag. of 
manganese injected into  the  cat,  1.63 rag.  were found in the liver, 
/1.63\ 
representing ~4~)  39 per cent.  Columns 7 and 8 give the same cal- 
culations as applied to the lung and spleen respectively.  Text-fig. 1 
gives graphically the salient facts derived from Table V. 
Such variations in the concentration of the suspension as we have 
employed have had no effect upon the distribution within the organ- 
ism.  It would appear that the work of eliminating the manganese 
from the blood stream is divided between the liver and the lung in 
such a manner that they act reciprocally; that is, following injection 
about 85 per cent of the particles are at once removed by the liver 
and lung,  the lung usually receiving the larger pact,  but in. every 
instance what is  not taken by one of these organs is  taken by the 
other.  There is an insignificant amount, 14.7 per cent as an average, 
in the twenty experiments recorded in Table V, which goes to other 
organs.  The  spleen receives a  constant  slight  increment, but  the 
small and variable size of this organ in the cat causes great variation 
in the amount deposited in it.  An average of 4.3 per cent in twenty 
different spleens  represents the activity of this organ.  The kidney, 
intestinal tract, and bone marrow retain manganese dioxide particles 
in varying and minute amounts, totaling 10 per cent in the experi- 
ments recorded in Table V. 
DISCUSSION. 
The results which we have obtained relative to the rate of disap- 
pearance of manganese dioxide from  the circulating blood  are  not 
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Hoffmann  and  Langethans  (6)  employed  ~  suspension  of  mercuric  sulfide 
containing  0.5  gin.  per  cc.  of  water.  Large  amounts  of  the  suspension  were 
injected.  In guinea pigs receiving 3.9 gm. of mercuric sulfide, cells containing 
cinnibar granules were found in the blood 24 days after injection.  It is impos- 
sible to determine the history of such particles, and the same is often true in more 
recent work with carbon, carmine, etc. 
With  injections  of  microorganisms  the  case  is differenl.  The  experiments 
of Wyssokowitsch  (7),  who  introduced a  variety of yeasts and microorganisms 
intravenously into  dogs  and  rabbits,  demonstrate  a  partial  or complete dis- 
appearance of these particles from  the circulating blood shortly after injection. 
In  two  experiments  on  yeasts a  few  spores were  left at  the  end of  1  hour, 
though  the  injection  was  enormous.  Saprophytic  bacteria such as B. subtilis 
disappeared  with  extreme  rapidity  and  completeness.  In one instance when 
1  cc.  of  a  concentrated  suspension  was' introduced  in  the  rabbit  the  blood 
proved sterile after 15 minutes.  With organisms such as B. anthracis  and Staph- 
ylococcus aureus the initial rates of removal from the blood stream seem compar- 
able to those obtained with saprophytic organisms, but in these instances there 
is later  a  tendency for the appearance in the blood of large numbers of organ- 
isms, and this phenomenon is followed  by the  death of the animal.  Wyssoko- 
witsch  (7)  had  no  conception of many of the reactions which may be aroused 
by injected protein material.  His results merely indicate the promptitude with 
which the blood gets rid of very large numbers of living foreign particles.  Bull 
(8) has examined more fully the rate and mannerof disappearanceof streptococci, 
pneum0cocci, and-typhoid bacilli from the blood of the rabbit.  The manner in 
which this animal meets such infection varies with the aggressive power of the 
bacteria employed and the defensive power of the animal, but essentially removal 
from the blood stream seems to follow the lines already laid down by Wyssoko- 
witsch (7).  Thus, with streptococci of low virulence Bull (8) reports an injection 
into the ear vein of 0.25 cc. per kilo of a bouillon culture of streptococci.  After 
30 minutes 52  colonies were obtained, following the use of a  uniform technique 
for blood culture.  After 2 hours 1 colony was found, after 48 hours 100 colonies 
were obtained,  and  after  72  hours  the  colonies became  so numerous  as  to  be 
uncountable.  Later  another  rabbit  injected  with  the  same  strain  and  dose 
of streptococci, attenuated in virulence as a  result of  continued cultivation on 
artificial media, showed  sterility of the blood at  the end of 2  hours,  and  this 
sterility was maintained until 168 hours had passed, when there was a reappear- 
ance of streptococci  in the blood stream followed shortly by the death of the animal. 
With typhoid bacilli Bull (8) presents the following experiment3 
"A rabbit weighing 2,000 gin. was given ~  of a 24 hour agar slant of typhoid bacilli 
in the ear vein.  Blood cultures made from the heart at stated intervals gave the results 
indicated in Table I." 
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Time after injection. 
1 
2 
5 
15 
20 
No. of colonies per co. 
10,000,000 
2,500,000 
lO0,O00 
40 
1 
Although we cannot make a  direct and final comparison between 
intravenous  bacterial  injections  and  intravenous  injections  of non- 
living  material  such  as  themanganese  dioxide  employed in  the 
present study, it seems established that in as far as the immediate 
removal from the blood stream is concerned the two types of injection 
are treated similarly by the animal.  Furthermore, although the cat 
differs from other animals in the organs which 'take foreign material 
from the blood stream, it does not seem to differ in the rate at which 
material is removed. 
Bull (8), in the case of pneumococci and typhoid bacilli, has related the speed 
and  thoroughness of blood sterilization  in the intravenously injected  rabbit  to 
an in vivo agglutination of the organisms in question by means of immune bodies 
present in the animal or introduced just prior to injection of the culture employed. 
He,  however,  does not make explicit just  how this  agglutination brings  about 
blood sterilization except in instances in which the blood infection is massive and 
there is evident blockage of the vessels , particularly in the lungs, by large clumps 
of organism  s.  When,  however,  the bacteria are less numerous,  their  clumping 
is not mentioned as an important factor in removal from the blood stream but 
seems to signal a condition which is followed promptly by phagocytosis.  Finally, 
it is of importance to note that  the organs in which the clumped bacteria are 
chiefly removed are designated by Bull  (8)  as liver,  spleen,  and lungs.  These 
are the points at which non-living and non-agglutinated living particles accumu- 
late.  If, in Bull's (8) observations, embolism offered an explanation for removal 
of the organisms from the circulating blood, there is no obvious reason why  the 
capillaries of other organs such as muscle should not take part in the sterilization. 
That they do not is  thus evidence for some specific  type of activity in certain 
organs resulting in bacterial removal from the blood and favored in some way, 
not understood, by the action of immune bodies in bringing about agglutination. 
Kitagawa (9) injected pneurnococci unagglutinable by the serum of the rabbit 
in ~tro and unagglutinable by the blood of the same animal in vivo.  The latter 
fact he proved by isolating samples of infected blood between ligatures  placed 
about  the  larger  blood  vessels.  He  concluded  that  the  disappearance  of the 92  MANGANESE DIOXIDE ADMINISTERED  INTRAVENOUSLY 
organisms from the blood stream "could not be due to a  purely mechanical fil- 
tration of agglutinated masses by the tissue capillaries,  but that it necessitated 
some active biological cooperation of the capillary cells"  (10). 3 
In  the  present  work  the  failure  to  affect  the  rate  of  removal  of 
manganese  dioxide  from the  circulating  blood and  to  alter  the  ratio 
of distribution  in different  organs  through  changes in blood pressure 
and  in  concentration  of  the  suspensions  employed,  points  again  to 
the  fact  that  some  specific  activity  on the part  of particular  cells in 
certain  organs is responsible  for removal  and that simple mechanical 
factors are of little or no importance. 
Mallory (ll) has called attention to the fact that practically all vascular endo- 
thelium  can become phagocytic.  Thus,  if blood vessels  are injured  it  can  be 
shown that  during  the  process  of  wound repair phagocytic cells arise from the 
proliferating  endothelium  (12).  There  has  long  been  a  controversy  as  to 
whether  such  cells  did  not wander into the traumatized  area from recognized 
sites of origin as the milk patches of the omentum.  Foot (13) in recent experi- 
ments upon this subject found that proliferating vascular endothelium is mark- 
edly phagocytic.  He discusses  the  question  as  to  whether  connective  tissue 
cells in foci' of inflammation may not also contribute phagocytes, but concludes 
that they do not. 
It  therefore  becomes apparent  that  phagocytosis is  a  potential  property of 
vascular endothelium.  In certain localities, such as in the capillaries of muscle, this 
power does not seem to be exhibited except following injury and resulting pro- 
liferation.  Other regions, notably the liver, spleen, and  lung of the cat, possess 
vascular  endothelium  which  under  normal  conditions  is  capable  of  removing 
foreign particulate  material from the circulating blood.  With bacteria there is 
evidence  that  the  ability  of  the  endothelium  to  perform  this  function  varies. 
Manwaring and Coe (10) perfused the livers of normal and immunized rabbits with 
defibrinated blood to which pneumococci had been added.  In the normal rabbit 
even  a  dozen passages  through  the  liver  reduce  the  pneumococcic count  but 
slightly, whereas in the animal actively immunized against pneumococci two to 
five passages sterilize the perfusing blood.  This effect is attributed to an opsonin 
which so alters  the pneumococci as to cause them to adhere to the endothelial 
cells lining the liver capillaries.  The same  opsonin is practically  inoperative in 
promoting bacterial removal by endothelial cells of extrahepatic tissues. 
Hopkins and Parker  (14)  injected streptococci intravenously in cats and rab- 
bits and found an initial deposition for the cat in the lungs, liver, and spleen with 
slight lodgment in bone marrow, lymph nodes, muscle, and kidney.  The lung 
of the cat received  the largest number of organisms, whereas in the rabbit  the 
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lung is far less active than the  liver.  In a  subsequent paper Lund, Shaw, and 
Drinker (15) bring out the same difference between the cat and the rabbit in the 
handling of manganese dioxide particles.  These  animals, therefore, exhibit an 
initial capacity to remove foreign material from the circulating blood which is the 
same for living and non-living  material provided the particles in question are of 
approximately the same size.  Hopkins and Parker (14) report that in the rabbit 
which has been partially immunized against streptococci the lung exhibits an ini- 
tial power  to  remove the organisms equal to that seen in normal cats.  Here, 
again, there is  evidence of varying activity which in the last analysis seems  to 
reside in the  capillary endothelium.  While  in  the  case  of carbon  and starch 
(16,  17)  it has been shown that there are non,specific opsonins which  promote 
phagocytosis, it has never been possible to display variation in the deposition or 
rate of removal of non-protein material as a result of repeated injections.  While, 
therefore, one may conclude that the initial reaction of the animal against foreign 
particles is the  same,  in the  case  of bacteria subsequent reactions accomplish- 
ing removal from the blood stream may be modified as a result of the appearance 
of immune bodies. 
The actual mechanism by which the particles are removed is evidently highly 
specialized in certain organs.  It involves, first, an arrest of the particles as they 
pass through the capillaries.  There is no evidence in our own histological prep- 
arations that this arrest is the result of embolism, nor, as has  been pointed out, 
is there evidence in experiments with bacteria that embolism plays an important 
part.  In  the  case  of  the  lung Hopkins and Parker  (14)  make  the  following 
statement.  4 
"In lung sections of animals killed 10 to 30 minutes after injection  it is clear that some 
of the cocci are held within the leucocytes in the capillaries.  It is equally clear that the 
majority are not located within leucocytes.  Many of them lie in large mouonuclear cells 
which are probably the swollen endothelinm of the capillaries; others  lie in an eosin- 
staining matrix which may represent a section through endothelial protoplasm, or pos- 
sibly some substance from the blood deposited about them. 
"In  order  to study this point more accurately,  we have  etherized and killed  cats 
within 30 minutes after injection, washed the lungs as free as possible by perfusion with 
salt solution, and then fixed them by injecting Helly's fluid under moderate pressure in 
order to keep the capillaries  distended.  In sections fixed in this way the streptococci 
are not washed from the capillaries; even leucocytes are still present in moderate numbers. 
Of the mechanism by which the cocci are held, however, we are still in doubt, though many 
appear to be in endothelial cells." 
Foot (13),  who made large injections of a  carbon suspension in rabbits daily 
over a considerable period, states that the capillary endothelial cells take up the 
particles.  Slavjansky (18),  several days after a  heavy intravenous injection of 
mercuric sulfide in rabbits, found cells containing  the substance free in the alveoli. 
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He believed, as did Tchistovitch  (19), on the basis of similar observations, that 
these cells were derived from the macrophages of the circulating blood.  In all 
the instances cited the injections were extremely large.  Sewell (20) injected a 
rabbit intravenously with a carbon suspension, the strength of which is not indi- 
cated.  He, however, filtered it carefully and seems to have avoided the possi- 
bility of pulmonary embolism, a contingency from which Foot's (13) experiments 
would not seem to be free.  He found little or no carbon deposited in the rabbit 
lung and no carbon-containing cells in  the alveoli, and contends  that  certain 
of the alveolar cells have the property of taking  up particles from the air but 
not from the alveolar structure  upon which they rest. 
In  the  present  study  histological  preparations  made  from  cats 
killed  1 hour  after  injection  of manganese  dioxide  have  shown  the 
material  in  the  following  locations  in  the  lung.  (1)  A  very  small 
amount,  seen only after  protracted  search,  is still  within  the  capil- 
laries  and  apparently  free.  These granules  are usually  single  or  in 
small  groups.  They do  not  seem  to  be  attached  to  any  cells,  but 
evidently are not progressing through the lungs, since we have found 
them  so situated  when  the  circulating  blood was entirely  free from 
manganese.  (2)  Particles are found in or on the surface of the capil- 
lary endothelial  cells.  This fraction represents the larger part of the 
lung  content.  (3)  Groups  of particles,  not  agglutinated,  lie within 
the alveolar septa, particularly at points where septal junctions occur. 
These points represent the second most important site of the particles. 
(4)  Granules  are  seen within  large  lining  alveolar cells which  occur 
particularly  at points of alveolar junction.  Occasionally these cells 
lie free within the alveoli. 
We believe that  the initial  lodgment of practically  all particles in 
the  lung  is  within  or upon the lining  capillary  endothelium.  This 
deposition  of  manganese  dioxide  is  very  uniform  through  the  dif- 
ferent lobes of the lung.  As this deposition must express the extent 
of the caPillary bed at the moment of injection, it is a fair assumption 
that  the  capillary  blood flow is proportionally  uniform  through  the 
different lung lobes moment by moment. 
The  function  of  the  liver  in  removing  foreign particles  from  the 
blood  stream  is  of  greater  significance  than  that  of  the  lung.  In 
the cat we have found a large initial deposition of manganese dioxide 
in  the lungs,  but  we  have  been  able  to  show  5 that  from  the  3rd 
5  Drinker, C. K., and Shaw, L. A., unpublished observations. CECIL K. DRINKER  AND  LOUIS A. SHAW  95 
hour following injection the material in the lungs begins to diminish, 
accumulating at first in the liver and from this organ passing into the 
intestinal  canal.  Furthermore, as pointed out by Lund, Shaw,  and 
Drinker  (15),  the lungs of the common laboratory animals, with the 
exception of the cat,  achieve  only  .a  slight  share of blood steriliza- 
tion.  The capillary bed of the liver differs from that of the lung in 
that  the  lining endothelium contains elements, the stellate cells of 
Kupffer (21), which have long been known to be actively phagocytic. 
It has  also  been contended that these capillary walls are incomplete 
(22), permitting material in the portal system tomove directly into 
the liver cells.  Whether or not this is true, it seems certain that the 
liver  cells  themselves  have  little  to do with  the initial removal of 
foreign material  from the portal blood. 
The  initial  positions  of  manganese  dioxide  in  the  livers  of  cats 
injected  as  in  these  experiments  are  as  follows:  (1)  Particles  are 
found free within the capillaries.  Just as with the lung, even when 
the circulating blood of the animal shows no manganese, occasional 
single particles  and groups of particles  are found in the capillaries. 
They are not intracellular and as far as can be seen are completely 
unattached  to  the  capillary  walls.  Shipley  and  Cunningham  (23) 
immersed the omentum of the decerebrate cat in an India ink suspen- 
sion, and after an interval found many fine, free carbon particles in 
the  liver  capillaries.  They  present  evidence  that  this  material  is 
taken up by the omental capillaries and express surprise upon finding 
it outside cells within the blood channels of the liver.  Apparently the 
particles which we introduced directly into the blood stream became 
arrested  in  the  same  way,  but  none of the sections has  given any 
evidence  of  capillary  blockage.  (2)  Large  collections  of  particles 
are  seen in or upon the  Kupffer cells.  These cells unquestionably 
account for the great activity of the liver in clearing the circulation 
of  foreign" material.  The  ultimate  fate  of  substances  engulfed  by 
them is unknown.  There is no evidence which indicates that material 
once deposited in the liver becomes free in the sense of passing back 
into the circulation to be deposited elsewhere.  Once taken up by the 
liver, particles may be considered to be on the way toward removal 
from the body.  (3)  Occasional granules are found upon the surface 
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sent an unimportant method of disposal, a point against the theory 
of the immediate relation of the liver parenchyma to the portal blood. 
In  the  case  of  the  spleen manganese dioxide is  found diffusely 
scattered through .the pulp.  Many of the particles are free and many 
have been taken up by large phagocytic cells.  As with other types 
of injection, the Malpighian corpuscles are quite free from particles. 
The capillary circulation of the spleen is open, and diffuse deposition 
of material  through the pulp is the natural expectation under such 
mechanical conditions.  The presence of phagocytic endothelial cells 
throughout the pulp assures the seizure of material which drifts into 
this  tissue,  but  the  ultimate  fate  of  particles  so  phagocytosed is 
unknown. 
In addition to the lungs, liver, and spleen, we have found varying 
small  deposits  of  manganese  dioxide  in  other  organs.  The  bone 
marrow remains comparatively free.  Bacterial lodgment often occurs 
in the marrow, which is known to be a reservoir of endothelial phago- 
cytes.  In spite of these facts we have found it of little or no impor- 
tance in clearing the blood of manganese dioxide.  The kidney and 
the intestinal  tract  in  general  take  the  material in  varying  small 
amounts in different animals.  Often they have remained absolutely 
negative  and  at  best  are  of little  importance.  Muscle,  skin,  and 
nervous tissue are invariably free.  In this relation it may be noted 
that while Hopkins and Parker (14) in their studies of streptococcic 
lodgment found minimal numbers initially removed in muscle, they 
attribute the eventual serious consequences in their animals to pro- 
liferation of these muscle organisms, finding that those removed by 
the liver, lungs, and spleen have far less chance for growth. 
CONCLUSIONS. 
1.  Manganese  dioxide  suspended  in  an  acacia-sodium  chloride 
solution provides a  non-toxic injection which in the present experi- 
ments has  contained no particles  larger  than  1#  and  which, when 
deposited in  the  body,  can be  determined quantitatively and  seen 
microscopically. 
2.  Intravenous injections have been made under precautions which 
preclude removal from  the  bIood  or  deposition in  organs  through 
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3.  In nine experiments out of thirteen the circulating blood con- 
tained  no  manganese  after  18  minutes.  In  the  four  remaining 
instances there was a steady slight elimination which was incomplete 
at the end of 1 hour.  Within certain limits the rate of removal from 
the circulating blood and the sites of deposition in  the animal are 
not influenced by  the  concentration  of  the  suspension,  the  blood 
pressure, or antecedent introduction of acacia or histamine. 
4.  In the cat amounts of manganese dioxide varying between 9.8 
and  3.9  rag.  of manganese and  containing from  50,000,000,000  to 
10,00~),000,000 particles,  if injected intravenously, permit recovery 
at the end of 1 hour of 90 per cent of the material in the lungs, liver, 
and spleen in the following proportions: lungs 47 per cent; liver 38.3 
per cent; spleen 4.3 per cent. 
5.  These  experiments,  coupled with  correlative  results  by  other 
investigators, make it clear that in certain organs--the lungs, liver, 
and spleen of the cat--the vascular endothelium possesses phagocytic 
power rendering the capillaries permeable to particulate material as 
well as to gases, liquids, and dissolved substances. 
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EXPLANATION  OF  PLATES. 
PLATE 3. 
FIC.  1.  Injection  of manganese  dioxide  suspension  into  the  femoral  vein. 
Upper  curve  respiration,  downstrokes  representing  inspiration.  Lower curve 
blood pressure.  Base-line 1 minute intervals marking upward; injection signalled 
downward.  Between Tracings  1, 2, 3, and 4, specimens of blood were withdrawn 
for analysis. 
PLATE 4. 
FIG. 2.  Tracing 1 indicates normal blood pressure.  Between this tracing and 
No. 2, 25 cc. of blood were withdrawn from the carotid artery.  Tracing 2 indi- 
cates first  the low blood pressure  consequent upon  this  hemorrhage and  then 
the rise attendant  upon acacia solution and manganese dioxide solution injec- 
tions.  Tracings 3, 4, and 5 indicate the blood pressure during the remainder of 
the experiment.  The gradual fall of pressure is due to withdrawal  of blood for 
analysis. "i,  ~A-  ~  ....  ~  ~-~'~ --'~'-~  "~"~ 
m 
= 
> 
x 
x 
J 
o 
uJ 
7 
L~ 
z 
Ld 
E 
x 
L~ 
U. 
o 
Z 
o 
"T 
I- mm~ 
l  L 
.....  ,ll~m  r  ~1 
•  i.  ....,,.  ...  ~..~.~.:~,  ..  "  '  '-.,  • 
~4 
X 
X 
X 
_1 
0 
z  ~ 
0  L~J 
I.- 
~C 
X  L~J 
z 
o 
L~J 
E.I 
..  ~...  • 